Abstract: A chosen case study house forms the basis of this paper, which is a pilot energy-efficient social housing project, completed by one of the largest housing developers in the UK. The main aim of this study is to inform the redesign of flexible energy-efficient housing units. The housing, designed for social tenants, was built by the Accent Group in 2005, using modern construction methods and sustainable materials, based on extensive research from the adaptable and "Grow Home" principles of Avi Friedman as well as open building implementation. The first pilot scheme was designed in collaboration with the Building Energy Analysis Unit at the University of Sheffield, together with the Goddard Wybor Practise, and was a successful housing development with respect to being environmentally friendly and a low-energy design scheme for the UK climate. This paper presents redesigning of flexible terraced housing units, and their performance evaluation, using a building simulation method as well as the passive-house planning package. The aim was to plan a row of terraced houses that can not only utilize a flexible design concept in floor planning layout, but also to reduce energy consumption with a passive design with particular attention paid to material selection. In addition, building simulation work has been OPEN ACCESS Sustainability 2015, 7 5489 carried out with the use of DesignBuilder software for both thermal and energy performance evaluation. The study examines the annual energy performance and comfort conditions in the designed house to be situated in the Northeast of England, UK. A terraced house unit design is considered a flexible home that can adjust to the needs of different tenants for the purpose of achieving a sustainable building under different aspects, such as low energy, low carbon, use of renewables, and low impact materials, with flexibility by design.
Introduction
Climate change is one of the biggest issues the world is facing today and the UK government is at the forefront to deal with this challenge. The domestic sector accounts for 27% of the UK's carbon emissions, making it necessary to pay attention to the way homes are designed and constructed [1] . Attention should also be given to making the existing housing stock energy efficient, as most of them will continue to be in existence for another 50 years, if not longer. According to the UK House of Commons Environment Committee, around 200,000 dwellings would need to be built each year in England, up to 2016, between 1991 and 2016, as there is a need for 4.4 million houses to be added to the housing stock [2] . According to the English Housing Survey [3] , around 19% of the dwelling stock is flats; most of these are purpose built low-rise flats. The most common types of dwellings are terraced houses (29%), followed by semi-detached houses (26%). This was also stated in a report by the Office for National Statistics (ONS), which is the executive office of the UK Statistics Authority [4] . As the largest portion of homes in the country, it makes the existing terraced housing schemes not only a priority case for refurbishment and/or retrofit, but also offers a very good opportunity for redesign, to upgrade and/or improvement sustainability in the future.
The introduction of flexibility into the living space is the solution for users to adjust successfully to social behavioral changes. The Oxford dictionary describes the word "flexibility" as follows: "capable of bending easily without breaking" and "able to be easily modified to respond to altered circumstances or conditions" (Oxford 2015) [5] .
Flexible architecture is described by Lelieveld [6] as follows: "The term flexible architecture describes an architecture from which specific components can be changed in response to external stimuli, for example the users or environment. This change could be executed by the building system itself, transformed manually or could be any other ability to transform by an external force" [6] and [7] (p. 1).
The need for change is a universal phenomenon, and flexibility in the quality characteristics of a space accommodates spatial changes over a long period of time, rather than just thinking of the needs for present use of the space [8] . Furthermore, incorporating flexibility into the design can accommodate various functional demands within a limited space (economic benefit). In addition to its pragmatic benefits, flexible housing has good ecological potential, especially with regard to conserving energy and resources [9] . The refurbishment, obsolescence, and demolition of flexible designs require less material, energy, and labor, and, therefore, it is sustainable by design since there are less waste and lower costs (environmental benefit) associated with the process [10] .
Flexible Housing
In the past few decades, architectural practice has faced a lot of challenges. Although our living conditions change in different contexts considering social, technological, economic, environmental, and political aspects, our housing types, responding to our patterns of living evolution, are still largely based on early 20th century models [11] . The speed of modernization, which started in the 18th century, is changing our lives, and the industrial revolution has made it so difficult for buildings to function without any flexibility, due to the changes in our lifestyle. Because of the mass migration of people from villages to cities, creating metropolises, social disorder, due to poor quality of living, has emerged and expanded because of new technology [12] .
The architecture of flexibility can be considered one of the most important achievements of the Modern Movement [13] . This approach aimed to help dwellers change their living spaces with minimal costs; avoid expensive and destructive alterations; change their habits; and avoid being forced to move from their homes [14] .
Schneider and Till in their paper "Flexible Housing; Opportunities and Limits" (2005), described flexible housing as "housing that is designed for choice at the design stage, both in terms of social use and construction, or designed for change over its lifetime" [15] (p. 157). There is a great need for studying flexibility of our living space with the potential of spatial changes over long periods of time rather than only thinking of the need of space for the present use. Architects and homebuilders need to surpass the phrase of "form follows function" in time and space.
Support, Infill and Open Building
N. John Habraken, a Dutch architect, educator, and theorist (1976) [16] , employed the theory of the hierarchical principle of subsystems as one of the basic concepts of flexible housing. The essence of Habraken's theory is that, in housing, the role of community and the role of the individual are distinct. Habraken believed in reestablishing the dweller as an active participant in the total process of housing, and he developed a methodology for linking the processes of products and decisions to their technical implementation [16] [17] [18] [19] .
The division of "infill" and "support" was initially explored by Habraken, wherein, he explained support as the permanent part of a building provided to the occupant by the builder or the architect commissioned; while infill includes the interior partitions, a kitchen, and bathrooms as defined by the occupant. The systems and parts associated with the infill level tend to change in cycles of 10 to 20 [17, 19] . These transformations may be occasioned by the occupants' changing requirements or preferences; by the cyclical need for technical upgrades; or by changes in the base building (support) [19] . The open building (OB) implementation approach is the continuation of Habraken's approach, elaborating more on practical aspects, design, and construction [10] .
In this paper, a case study of a pilot terraced energy-efficient social housing unit (Figure 1 ) has been chosen, with the main aim being to inform the redesign of flexible energy-efficient housing units. The housing was designed for social tenants, and built by the Accent Group in 2005 using modern methods of construction (MMC), and sustainable materials based on extensive research from the "adaptable" and "grow home" principles of Avi Friedman [20] . The first pilot scheme was designed in collaboration with the Building Energy Analysis Unit (BEAU) at the University of Sheffield [21] together with architects at the Goddard Wybor Practise (GWP) Ltd. The project was a successful housing development. Being both environmentally friendly and a low energy design scheme for the UK climate. This paper presents the redesign of terraced housing units [22] and their energy performance evaluation, using building simulation together with support from a passive-house planning package. The aim is to plan a row of terraced houses that can utilize a flexible design concept as well as building performance evaluation for optimizing energy demand and planning of passive design. Moreover, the terraced house design is considered a flexible home that can be adjusted the tenants' different needs, with the purpose of achieving sustainability with respect to different aspects, such as low energy, low carbon, use of renewables and low impact materials, with flexibility by design. This project focuses on the flexible design of infill (interior of unit). Furthermore, it compares the performance evaluation of the flexible floor plan layout and the traditional existing layout.
Approach, Methodology and Analysis

Early Design Stage
The case study chosen for the studies in this paper goes back to the "Accent Home" concept, a terraced house design for social housing, developed and situated in Leeds/Bradford region in the northeast of England. The building design was completed by one of the UK's largest social housing developers at the time to achieve low cost and low energy designs for the UK social housing sector.
The aim of this study was to design a new sustainable building prototype situated in the same area as the Accent Home; beginning from the early stages of architectural design, together with a vision to develop future housing with flexibility in mind, to meet the needs of different tenants or the needs of a single family in the future. Going back to the drawing board, all dimensions of each apartment have been After studying the history of terraced houses in England (UK) and considering design flexibility, the design started to take a different configuration that could arrive at the goal of flexibility, while at the same time be energy efficient, before finally arriving at the chosen layout [15, 22] .
As mentioned earlier, the main facade of the building is oriented 19° to the east and the extended plan is in the shape of a rectangle (12 m × 6 m). First, a decision has been given to divide the plan into two different square areas: Day (D) and Night (N) (Figure 3a ,b). The Day area is suitable for daily activities, due to natural light and solar gains coming from the south direction. On the other hand, the Night area is situated at the north side of the house, which is perfect for nightly activities that do not require too much light ( Figure 3a) . The first division of the apartment into two different areas was too straight for future movement of the building interior space. Dividing the length into three different areas allowed defining a third space in between, so that this could be used for both daily and nightly activities. This new space can be called "Flexible Space" or "Margin", also named by Habraken, "adaptability" (Figure 4b ) [16] . The short side of the apartment needed a division that could take into account all the different aspects of the house elements, such as stairs, doors, furniture, appliances, etc. A 120 cm module (i.e., a full module) is used to fit every element into a regular grid. For example, a half module (60 cm) is enough for a kitchen space with furniture and appliances; a 2/3 module (80 cm) is enough space for doors and a single bed; and a full module (120 cm) is enough space for stairs and sliding doors (Figure 3c ).
The positioning of the staircase and washroom is an important decision that would define all the following phases of a flexible design. These are, in effect, two inflexible elements that once placed cannot be easily moved. For this reason, decision of situating the staircase in the north side of the building, instead of the washroom, needed accurate analysis. The washroom in the back might have an external window that would also allow natural ventilation. On the other hand, the stairs in that position creates an independent nucleus and a new entry to the building, and to each independent level of the building. This was considered the most flexible solution (Figure 4 ). Furthermore, the stairwell can be used for natural ventilation inside the building and can create a natural solar chimney ( Figure 5a ). As a consequence, the bathroom found the right arrangements at the opposite side of the central area. In this particular situation, an inflexible space such as the bathroom, helped to create a distinct division of the apartment into three different areas, and at the same time, the possibility of considering all the remaining spaces as unique zones (Figure 4b ).
The positioning of the main entry is another important problem to be solved in a flexible design and, moreover, in a terraced home. First, the main entry has a double function, i.e., it is entranceway from the main street and is also a space that can be used as a temporary deposit, and a small greenhouse in the wintertime. Moreover, the off-center position permits the creation of two spaces, for big and small windows, a solution that allows a division of the interior space in the future. The distance from the partition wall permits solar rays coming from the east to reach the big window of the preceding apartment (Figure 4c ).
Due to the main entry and the staircase disposition, the apartment is provided with two independent entry doors. The first one on the south facade and connected directly with the main street, and the second one on the north side that can be used as a service door or an independent door to arrive at the apartments of the first and second floors. The internal space resulting from this division is a long and dynamic space of 48 m Figure 6 is the social housing development pilot project as a row of terraced houses, which has been redesigned with flexibility, to meet the needs of different tenants including, single-family users in the future. The division of infill and support was initially explored as one of the main principles of flexible housing. This division support is the permanent part of the building provided to the occupant by the builder or the architect commissioned, while infill includes the interior partitions, for example a kitchen and bathrooms, as defined by the occupant. The systems and parts associated with the infill level tend to change in cycles of 10 to 20 years [16] , whereas the support has a 100-year lifespan. These transformations may be occasioned by the occupants' changing requirements or preferences, by the cyclical need for technical upgrades, or by changes in the base building (support). In this project, the clear span of floor plan is proposed as the support, whereas the infill (interior partition) is being customized gradually.
Seeing the possible divisions (i.e., configuration layouts) (Figure 5a,b) and the longitudinal section (Figure 7 ), helps to understand the way in which the housing units can grow over their lifespan. Starting from a configuration with one unit, i.e., first and second floor units (Figure 5a,b) , it is possible to divide the same housing unit into two or even three separate units (Figure 8 , left to right). 
Passive House Planning
Energy efficiency in housing is an important factor that has to be considered in order to achieve the aim of sustainable housing. Thus, in recent years, the applications of renewable energy in buildings has rapidly increased; sometimes supported by national subsidies. Nevertheless, the high costs of energy systems and their complex integration, coupled with expensive upkeep, discourages many people from investing in such systems. It is important to design flexible houses in order to advance the use of new technologies; however, it is equally necessary to reduce the use of energy systems by maximizing the advantages of the sun's energy, location and materials. This is a passive method that allows comfort with few energy systems.
Sustainable building, through the Passivhaus standard [23] , can be achieved at any location in the world. Passive houses are very well insulated and draught-proofed buildings whose annual space heat demand is so low that a conventional heating system can be omitted. The small amount of heat still required can be delivered to individual rooms by heating the air supplied through the ventilation system. This occurs when the space heating energy demand is not more than that of 15 kWh/m 2 per annum [23] . Super insulation, isolated thermal bridges and airtightness are three important principles of the Passivhaus standard that have to be considered during every design stage. In this flexible and passive house design study, there are low u-values [24] In the case study home, a combination of the planning principles from the "plotter pen" [23] and a cross-laminated timber structure to avoid thermal bridges through the building boundary has been considered (see Figure 9) .
The following section (Figure 9 ) shows the planning principle from the plotter pen. This principle is used in the design of a passive house, and in particular in sections and in floor plans. The width of a plotter pen corresponds to a heat transmission resistance of R = 6 m²K/W. In this case, the following equation is used:
(1) where R is the thermal resistance, λ is the thermal conductivity (u-value), s is the thickness of an insulation material with thermal conductivity value of 0.043 W/(mK) (wood soft fiber). In the study, a scale width of 25.8 cm is approximated at 25 cm (0.25 m). If the outer shell (red insulation layer in Figure 10 ) manages to wrap the envelope surrounding the whole building with full width and without any interruption, the project can avoid thermal bridges (except for more detailed analysis). The Passive House Planning Package (PHPP) has been used as a design tool in the process of redesign. The package provides the architect and the engineer with instruments that are necessary for the design of a well-performing passive house [23] . Thus, the definition of PHPP needs some more clarification. In PHPP calculations, not only the heat losses, but also the heat gains and the thermal inertia can be determined.
Through the PHPP worksheets, it is possible to define all heat gained from the sun, appliances, domestic hot water (DHW) distribution, and people as the users of the building. The latter internal gain is not a constant value in a flexible housing and has to be considered under different kinds of occupancy.
The first aspect noticed while working with the PHPP worksheet is the straight-forward organization of Microsoft Excel based spreadsheet. It is easy to insert all the different values for a building that is regular in plan or in elevation, however it is not the same way for a building that has an irregular shape or, such as in this case, a prototype that needs little adjustments in the architectural design in order to find the best shape for good indoor comfort. Another aspect that did not help in the design of a flexible home is the calculation of PHPP on a treated floor area. One of the main objectives of this project was to understand the difference in terms of the indoor comfort between the different kinds of configurations that a flexible design could allow; however, with the PHPP, only the comfort for the overall treated area of the whole building can be calculated. This aspect, for example, has importance for studying the overheating hours. The PHPP verification worksheet gives the frequency of overheating ( Figure 11 , central column, 7th row), which is the hour percentage per year in which the temperature exceeds 25 °C. Despite the fact that this result gives a good approximation of the average temperature, it does not give any information about the temperature distribution because there is no distinction between spaces in the north or south direction, or between the utilization of every room. Energy performance evaluation is usually beneficial at the early stages of design; however, in this particular case, in redesigning of a social housing development, it is still an important factor that has to be considered in order to make the necessary provisions for achieving the best practice standards, i.e., low energy and low carbon [25, 26] for the future of sustainable housing. Hence, in recent years, applications of low and zero carbon technologies, and the adoption of renewable energy sources in domestic buildings has rapidly increased. On the one hand, it is equally important to design flexible houses in order to create provisions for the needs of future lifestyles, while also reducing the use of energy demand by maximizing the advantages of passive design and the use of low impact materials. This approach is essential nowadays and the benefit of passive design could allow indoor comfort with few renewable technologies. Passive design is not a supplement to architectural design, but it is rather part of the design process itself through an integrated approach to architectural and sustainable building design [27] [28] [29] .
Building Simulation
In the study, DesignBuilder software has been used for conducting building simulation work [30] . The software package has integration with EnergyPlus, the US Department of Energy's (DOE) third generation dynamic building energy simulation engine for modeling building, heating, cooling, lighting, ventilating and other energy flows. This integration within DesignBuilder allow the user to carry out complete simulations without having to leave the interface, which is an excellent feature for practicing architects. The following table shows the necessary input information for building simulation analysis (Table 1) . Table 1 . Building simulation input data for Heating, Ventilation, and Air Conditioning (HVAC), Domestic Hot Water (DHW), activity and construction.
Compact HVAC HVAC systems is defined parametrically and modeled within EnergyPlus using
Compact HVAC descriptions with a CAV (constant air volume) Natural Ventilation Natural Ventilation and infiltration air flow rates is calculated based on opening and crack, sizes, buoyancy, wind pressure and the activity schedules Mechanical Ventilation Mechanical ventilation utilized in the flexible housing design has an ac/h (air change per hour) rate of 0. 10.00 Activity -Compact schedule has been used for occupancy, metabolic activity, openings of windows and doors, lighting, and the schedules are based on data published in the UK's National Calculation Methodology (NCM) * -* The NCM for the EU's Energy Performance of Buildings Directive (EPBD) is defined by the Department for Communities and Local Government (DCLG) [31] . Construction DesignBuilder uses construction components to model the conduction of heat through walls, roofs, ground and other opaque parts of the building envelope. Using the construction data, the physical properties of each element have been defined for the building (e.g., external wall, party wall, interior wall, roof, floors and ground floor). The same is true for windows and doors that can be selected from a well-provided library.
Results and Discussions
In this section, the analysis based on simulation studies has been presented. For the simulations, the following table shows several details of the selected housing unit ( Table 2 ). As part of the analysis, a series of simulations has been carried out using DesignBuilder software considering the above input data (Table 1) . One of the concerns was the overheating potential due to the type of construction used and in the case of Passivhaus standard adopted [23, 32] , i.e., super insulation, high levels of airtightness, and large levels of glazed south facade in the house design. Therefore, the study evaluated the internal comfort during one of the warmest weeks of the year in order to avoid likely overheating during summer periods. The following graphs are the results of an hourly internal comfort and temperature distributions for the living room on the ground floor from 6 to 13 July 2013 (Figures 12 and 13 Again, same evaluation has been carried out for a typical winter week and the results have shown that the average temperature profile stays constant around 20 °C due to heat recovery, insulation and solar gains ( Figure 13 ). In a passive house design with the Passivhaus standard, there is no use of a space heating system, but there is a system that contains mechanical ventilation with heat recovery (MVHR) ( Figure 13 . Typical winter week showing temperature and discomfort hours.
The following graph presents the total fuel breakdown listing different energy consumption for the redesigned flexible housing unit ( Figure 14) .
As the housing unit chosen has a floor area of 170 m 2 , to obtain the annual energy consumption and the associated carbon dioxide (CO2) emissions, further calculations have been made to present the necessary values (Table 3) .
Room Electricity (kWh) 2148.61 Lighting (kWh) 3161.46 System Fans (kWh) 5157.22 System Pumps (kWh) 31.13 Chiller (electricity) (kWh) 84.65 DHW (Other fuels) (kWh) 296.06 Heat Rejection (kWh) 1.07 Figure 14 . Fuel breakdown. In order to demonstrate the benefits of simulation study findings for the case of redesign, it is important to compare against the measured consumption figures using the actual data recorded during post occupancy monitoring. The main reason for this is to cross-check the results with the existing social housing units (i.e., to compare with a real non-Passivhaus case where the units were designed to be energy efficient) and for the validity of the simulation studies. In this case, the following table presents the average measured energy consumption and the associated carbon dioxide emissions obtained from on-site monitoring between 2007 and 2009 (Table 4) [33] . As the existing housing unit floor area is 128 m 2 , the calculations are based on this value.
As can be seen from Tables 3 and 4 , the simulated housing unit, i.e., the redesigned housing unit, has shown much better performance in terms of both the energy demand required and the carbon dioxide emitted. This, however, should be validated through real-time measurements in the redesigned units, particularly for checking against the accuracy of simulation studies. 
Conclusions
This paper attempts to describe an approach taken for different design phases to propose a new sustainable building, starting from the early stages of design to the building simulation component for performance evaluation. Collaboration between architects and engineers (i.e., aiding the design of a sustainable building; in this case a sustainable social housing unit) helped to find indoor comfort solutions by combining both structural and architectural features with integration of energy systems, where building simulation task played an important role.
PHPP has been very useful to acquire specific energy and heat demand analyses, and to verify whether the building achieves the Passivhaus standard. On the other hand, DesignBuilder can simulate indoor comfort conditions in greater detail, which makes it easier for the designer to understand the Passivhaus planning stages and how best to manage the results obtained through changing parameters and finding new solutions to fulfill all the requirements set to meet such a standard. Despite two software packages being used for various analyses in the study, both PHPP and DesignBuilder have many features, and provided similar results when compared to each other; thus, the use of both platforms helped to conduct a complete environmental analysis of the building designs, allowing cross-check of results.
The redesign of a terraced home has been a worthy challenge in terms of adopting flexibility in the building form and layout, as well as achieving the best practice energy efficiency standards. In this way, it was also useful to utilize building simulation and performance evaluation as means to help aid the building design, considering various important factors, such as the Passivhaus standard, concerns of overheating, and energy efficiency. Moreover, in real life situations, the occupant (i.e., the user) could still make a big difference in the way the energy is being used at home, even though the design could be a high performance case. However, it is still vital to get the design specification right and tested throughout the design process, which has been demonstrated in this study. Therefore, without undermining the energy conscious user/behavior to save energy at home, further studies should be undertaken and also related to the people variable, i.e., their behavior with attention paid to energy and environment, as a follow-up task.
Last but not least, this is a reminder for all practicing architects and design professionals to utilize the available building simulation platforms to aid their designs, or redesigns, at the early stages of design and throughout their design process. It is also equally important to aid the design with planning of passive design with the use of PHPP. Once more, integrated building design is not a myth, but a way of today's building design practice, and all professionals should work closely in full collaboration and integration, such as architecture and engineering, to help solving challenges of building science.
